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The type III secretion system encoded by Salmonella pathogenicity island 2 (SPI2) translocates Salmonella
translocated effectors (STE) into host cells. STE are encoded by genes outside of SPI2. The distribution of STE
loci within the salmonellae was investigated. In contrast to the SPI2 locus that is conserved within Salmonella en-
terica, STE loci show a variable distribution. In addition to other virulence determinants, the possession of various
sets of STE loci may contribute to the different host ranges and pathogenic potentials of S. enterica serovars.

Salmonella enterica is a highly successful enteric pathogen of
humans and animals that has evolved fine-tuned mechanisms
by which to interact with eukaryotic cells. Infections with S.
enterica display a remarkable range of different clinical out-
comes. Furthermore, the host ranges of different Salmonella
serotypes vary between highly host-adapted forms and sero-
types that can cause infections in a wide variety of hosts. The
molecular basis of the different disease outcomes and host
specificity is not understood. It is currently discussed whether
the different distribution of virulence determinants within the
salmonellae may be important for these phenomena (4).

S. enterica uses two type III secretion systems (TTSS) for
different modes of interaction with the infected host during
pathogenesis. Both TTSS are encoded by pathogenicity is-
lands. The TTSS encoded by Salmonella pathogenicity island 1
(SPI1) mediates the invasion by Salmonella of nonphagocytic
cells such as epithelial cells of the intestinal mucosa and is
involved in enteropathogenesis (reviewed in references 7 and
22). The second TTSS encoded by SPI2 is required for intra-
cellular survival and replication of S. enterica (for a review, see
reference 9).

A cluster of effector proteins of SPI2 termed Salmonella
translocated effectors (STE) has been identified by virtue of
the N-terminal conserved domain (13). Studies using fusions to
the reporter CyaA indicated that intracellular Salmonella bac-
teria translocate STE into host cells via the TTSS of SPI2. STE
genes are all outside of the SPI2 locus, and several of these loci
are associated with prophage genes, indicating that the STE
genes are part of the variable assortment of virulence factors of
S. enterica. We questioned whether these loci represent sepa-
rate acquisitions by horizontal gene transfer events that show a
more diverse distribution than the SPI2 locus, which is con-
served within S. enterica (10, 11).

Genetic organization of STE loci. The genomic organization
of STE loci was analyzed based on genome data available for
serovars Typhi and Typhimurium. DNA sequence data for
serovar Typhi CT18 were generated by the Salmonella Typhi

Sequencing Group at the Sanger Centre and can be obtained
from ftp://ftp.sanger.ac.uk/pub/pathogens/st/St.dna. DNA se-
quence data for serovar Typhimurium LT2 were obtained from
the Genome Sequencing Center, Washington University, St.
Louis, Mo., and can be retrieved from http://genome.wustl.edu
/gsc/Projects/bacteria.shtml. The organization of the various
loci was also compared to that of the corresponding region of
the Escherichia coli K-12 chromosome (Fig. 1). The STE loci
are insertions specific to Salmonella spp. sifA forms an inte-
gration of a single gene interrupting the potABCD operon of
serovars Typhi and Typhimurium (18). The sifB locus repre-
sents a small insertion in the serovar Typhi genome that con-
tains two open reading frames. This locus is also present in
S. enterica serotype Enteritidis and has been referred to as a
pathogenicity islet (GenBank accession no. AF128835). Com-
parison to the corresponding regions of the E. coli K-12 chro-
mosome revealed a more complex organization of the other
STE loci. sspH1, sspH2, sseI, and sseJ (6, 13) are located in
the immediate vicinity of genes encoding phage-related pro-
teins. In addition, the tRNA gene proL is located adjacent to
sspH2 in the serovar Typhi genome but not in the serovar
Typhimurium genome. The presence of phage genes, as well as
tRNA genes, may indicate that the STE loci were located on
mobile genetic elements and have been acquired by horizontal
gene transfer.

The contribution of these genetic elements to horizontal
transfer of virulence genes has been frequently observed (re-
viewed in reference 1) and may also be relevant for the variable
distribution of sspH1, sspH2, sseI, and sseJ. sseI is located
within the Gifsy-2 prophage. Gifsy-2 is inducible and fully func-
tional as a vehicle for the transfer of genetic elements (5).
Thus, this prophage may still be active and contribute to the
distribution of genes for effector proteins between various se-
rovars of S. enterica. The distribution of sspH1 within the sal-
monellae has been described before (20), and recent work
showed that sspH1 is located on the Gifsy-3 prophage (6). In
contrast, the absence of prophage genes or insertion sequence
elements in the sifA and sifB loci may explain the stability of
these loci.

The role of a bacteriophage as a means of horizontal gene
transfer has recently been described for SPI1. While genes for
the TTSS of SPI1 are conserved among the salmonellae, genes
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for effector proteins of this TTSS have a variable distribution
within Salmonella subspecies (14). The association of prophage
SopE� with a virulence gene (sopE) for an effector protein of
the TTSS of SPI1 was observed (15).

Phylogenetic distribution of STE genes. The SPI1 locus is
present in both S. enterica and S. bongori, whereas SPI2 was
observed in all of the subspecies of S. enterica but not in S.
bongori (11, 16). In all of the S. enterica serotypes analyzed so
far, the TTSS of SPI2 is functional in secreting substrate pro-
teins in vitro (I.H.-W. and M.H., unpublished observations).
Since STE genes are located outside of SPI2, we questioned

FIG. 1. Genomic organization of STE genes in S. enterica and positions of hybridization probes. The organization of the chromosomal regions
of various STE genes was compared to that of the corresponding regions of the E. coli K-12 chromosome. Sequence data available for S. enterica
serotypes Typhimurium and Typhi were obtained from the Genome Sequencing Center of Washington University and the Sanger Centre, re-
spectively. Genes shared between E. coli and serovar Typhimurium or specific for one species are depicted by open and filled symbols, respectively.
STE genes and genes with similarity to phage genes are shown by hatched and dotted symbols, respectively. The positions of the PCR fragments
used as specific hybridization probes in this study are indicated. Probes were constructed by PCR with primers SifA-For-EcoRI and SifA-Rev-
EcoRV (sifA), SifB-For-EcoRI and SifB-Rev-EcoRV (sifB), SseI2-For and SseI-Rev-EcoRV (sseI), and SseJ-For-EcoRI and SseJ-Rev-EcoRV (sseJ).

TABLE 1. Oligonucleotides used in this study

Designation Sequence

SifA-Rev-EcoRV..................5�-ACGGATATCAAAACAACATAAACAGCCGC-3�
SifA-For-EcoRI....................5�-CCGGAATTCATTTTTACTCCAGTATAAG-3�
SifB-For-EcoRI ....................5�-CCGGAATTCATATAATCACTTGTGGTC-3�
SifB-Rev-EcoRV..................5�-ACGGATATCACTCTGGTGATGAGCCTC-3�
SseI2-For...............................5�-TAACCATGGCAACAGAACCG-3�
SseI-Rev-EcoRV ..................5�-ACGGATATCCATTTTACCTATTAAGGA-3�
SseJ-For-EcoRI ....................5�-CCGGAATTCGTAAGGAGGACACTATGCC-3�
SseJ-Rev-EcoRV..................5�-ACGGATATCTTCAGTGGAATAATGATGAGC-3�
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whether these genes are also present in all of the subspecies of
S. enterica or if a distinct distribution of STE genes is charac-
teristic of certain subspecies.

The distribution of STE genes within the salmonellae was
analyzed by using strains of the SARB (2) and SARC (3)
reference collections that were obtained from the Salmonella

Genetic Stock Centre (Calgary, Alberta, Canada). Gene-spe-
cific hybridization probes for STE genes were obtained by PCR
using the primers indicated in Table 1 and the legend to Fig. 1
with the genomic DNA of S. enterica subspecies I serotype
Typhimurium (serovar Typhimurium) strain ATCC 14028 as
the template. PCR fragments were labeled by using the DIG
DNA Labeling Kit (Roche). Hybridization was carried out at
42°C overnight with 20% (vol/vol) formamide in 1� hybridi-
zation buffer (250 mM NaHPO4, 1 mM EDTA, 7% sodium
dodecyl sulfate). Two washing steps were performed under
nonstringent conditions (washing buffer: 40 mM NaHPO4,
1 mM EDTA, 1% sodium dodecyl sulfate) for 20 min at room
temperature.

We analyzed the distribution of sifA, sifB, sseI, and sseJ in the
SARC collection that represents S. bongori and various sub-
species of S. enterica (Fig. 2). None of these genes was detected
in S. bongori. sifA and sifB were detected in all subspecies apart
from subspecies IIIb. Hybridization signals for sseI were de-
tected in subspecies IIIa and only in one of the two strains each
of subspecies I and VII but were absent in the other subspe-
cies. sseJ is present in all S. enterica subspecies, except serovar
Typhi, belonging to subspecies I (this study and reference 13).

slrP, a member of the STE family of proteins, contributes to
the host range of serovar Typhimurium (21), and further STE
genes may contribute to the host adaptation of S. enterica
serotypes. The absence of genes for SPI2-specific substrate
proteins parallels the absence of the SPI2-encoded TTSS in
S. bongori. sseI, sseJ, sifA, and sifB (this study), as well as slrP
and sspH2 (21), are absent in S. bongori. In contrast, sspH1, a
substrate for the TTSS of both SPI1 and SPI2, was detected in
S. bongori (21). The sspH1, sspH2, sseJ, and sseI loci have a

FIG. 2. Distribution of STE genes within the salmonellae. The
SARC collection, representing S. enterica subspecies I, II, IIIa, IIIb,
IV, VI, and VII and S. bongori, was analyzed for the presence of sifA,
sifB, sseJ, and sseI. A phylogenetic tree of the salmonella subspecies
based on multilocus enzyme electrophoresis was adapted from refer-
ence 17. The presence or absence of the genes is indicated by a plus or
minus sign, respectively. Brackets indicate that sseI is only present in a
low number of serotypes of subspecies I and in only one of two
representatives of subspecies VII. The asterisk indicates that sseJ is
absent from subspecies I serotypes Typhi and Paratyphi (for details,
see Fig. 3). The distribution of SPI1 and SPI2 has been reported
previously (11, 16).

FIG. 3. Distribution of STE genes within S. enterica subspecies I. Strains of the SARB collection that are representative of various serotypes
of S. enterica subspecies I were analyzed by Southern hybridization for the presence of sifA, sifB, sseI, and sseJ. Positive and negative hybridization
signals are indicated by plus and minus signs, respectively. The SARB collection strain numbers of the various serotypes are in parentheses.
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more variable distribution within S. enterica subspecies (this
study and references 6 and 21). These differences may contrib-
ute to host specificity and the pathogenic profiles of Salmonella
spp.

Distribution of STE genes within S. enterica subspecies I. A
subset of strains of the SARB collection representing 36 sero-
vars of S. enterica subspecies I, as well as a collection of clinical
isolates of the Max von Pettenkofer Institute, was analyzed by
Southern blot hybridization (Fig. 3). sifA and sifB were detect-
ed in all serovars of S. enterica subspecies I. sseJ was absent
from serovars Typhi and Paratyphi A and B but present in
serovar Paratyphi C and all of the other serovars analyzed. In
contrast, sseI was detected in only 9 of the 36 serovars inves-
tigated and showed a rather heterogeneous distribution among
the isolates from patients, although it was not detectable in
serovar Paratyphi A, B, or C.

A large number of virulence determinants with variable dis-
tribution has been identified in S. enterica, such as fimbrial
genes (19), SPI1 effector proteins (14), and the virulence plas-
mid (8, 12). We showed here that genes for SPI2 effectors also
belong to this group of variable virulence determinants. It can
be speculated that the specific combination of these known and
putative unknown virulence factors may determine the viru-
lence characteristics and host specificity of various S. enterica
serotypes. However, the role of most SPI2 effector proteins is
not understood. Continuing detailed analyses of the role of
STE proteins in Salmonella virulence by different models of
infection, as well as further characterization of the cellular
phenotypes of various STE mutant strains, will contribute to
the understanding of these phenomena.
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